By analyzing the data from 28 seismic borehole stations deployed by the Central Weather Bureau Seismic Network throughout Taiwan from 2007 to 2014, we estimated the near-surface velocity (Vp and Vs) and attenuation (Qp and Qs) structures from surface to depths of approximately 300 m. To ensure that the deeper recordings were on the ray path between the seismic source and upper receiver, only events with an incidence angle of less than 35° were selected. Local magnitudes of analyzed events were between 1.1 and 6.6. The subsurface Qp and Qs were well modeled in the 5 -40 Hz frequency band using the spectral ratio of direct P-and S-waves, respectively, at each station, under frequency-independent Q and ω 2 source model assumptions. The estimated Vp in the Coastal Plain, the Western Foothills, the Longitudinal Valley, and the Yilan Plain were approximately 1000 -2000 m s -1 , which was lower than the Vp of 2500 -4000 m s -1 in the Central Mountain Range. In addition, the Vs in the plain areas were lower than that in the Central Mountain Range. The low Vp and Vs and high Vp/Vs ratio in the Coastal Plain and the Western Foothills can be attributed to the unconsolidated soil and high pore-fluid content of subsurface sediments in the plain areas. In contrast to the velocity distribution, low Qp and Qs were observed in the Central Mountain Range. The low Qp and Qs with low Vp/Vs and low Qs/Qp ratios in the Central Mountain Range was consistent with the high thermal temperature observed in the field investigation. The obtained velocity and attenuation structures near surface could also provide important constraints in validation of the crustal structure of Taiwan.
INTRODUCTION
Seismograms, which provide information on earthquake sources and paths, are critically influenced by near-surface unconsolidated sedimentary layers or weathering materials. The anomaly observed in seismic waves, including attenuation, amplification, and scattering, is commonly referred to as a site effect (Abercrombie 1997) . In waveform simulation and ground-motion prediction, the site effect is linked to waveform amplification and prolongation of the shaking duration. Thus, understanding the underlying site conditions is critical for assessing seismic risk, improving building codes, and retrofitting existing buildings. In addition, site effects must be correctly calibrated for analyzing earthquake sources and determining rupture dimensions, stress drops, and other source parameters; otherwise, the parameters calculated will be erroneous (Abercrombie and Leary 1993; Abercrombie 1995; Zeng and Anderson 1996) .
Two critical factors typically used to characterize the site effect are velocity (V) and quality factor (Q), which indicate the ground motion and features of near-surface sediments. Studies have reported that the V and Q vary with temperature, pore pressure, porosity, and fluid saturation (O'Connell and Budiansky 1977; Johnston et al. 1979; Winkler and Nur 1982) . Temperature and fluid saturation were suggested as the most crucial factors affecting V and Q values (Shito et al. 2006) . Vp, which is typically measured in laboratories and in situ seismic studies, can characterize most rock types. For example, sedimentary rocks have a low Vp, whereas mafic rocks have a high Vp. In contrast to Vp, the Vp/Vs ratio varies more with fluid saturation than with rock type. For example, fully fluid-saturated rocks result in a high Vp/Vs ratio (Vp/Vs > 2), indicating high pore pressure, whereas dry or partially saturated rocks result in low Vp/Vs ratios (Vp/Vs < 2) (Winkler and Nur 1982) . Q, which characterizes the seismic wave energy loss, is more sensitive to the rock temperature and fluid content. Toksöz et al. (1979) reported that Qs was smaller than Qp (Qs/Qp < 1) in dry and fully saturated rocks, whereas Qs was larger than Qp (Qs/Qp > 1) in partially saturated rocks. Abercrombie (1997) summarized the near surface Q of sediments in boreholes for San Andreas Fault and Cleveland Hill Fault in California. Wang et al. (2012) analyzed the near surface Q in boreholes around the Chelungpu Fault in Taiwan. The consistency of low Q values between Abercrombie (1997) and Wang et al. (2012) suggested that the dominant factor to Q value was the fractures and fluids rather than rock types for the near surface sediments. Because of the differential effects of fluid saturation on P-and S-wave V and Q, using a combination of V and Q enables us to infer more precise structural features than using either of them alone does.
The unique soil conditions at different sites make the site effect considerably site-dependent. In past decades several studies on earthquake engineering have used downhole instruments for analyzing near-surface V and Q values (Liu et al. 1992; Fletcher 1995; Jongmans and Malin 1995; Abercrombie 1997) . The optimal and simplest method for investigating V and Q values is comparing recordings from wellhead and borehole stations, which can eliminate the unknown source effect and straightforwardly estimate the Q and V on the connecting path (Abercrombie 2000; Wang et al. 2012) . Since 2007, the Central Weather Bureau (CWB) of Taiwan has developed more than 30 borehole stations throughout Taiwan to improve the quality of recorded seismic signals and reduce the level of background noise. Downhole seismometers were deployed at depths of a few hundred meters, which were suggested to be bedrock sites. Every borehole station was equipped with a wellhead observatory. This new-generation seismic network provides early warning after rapidly assessing the seismic source parameters from high quality records and also allows characterizing the near-surface site effect.
In this study, we analyzed the data received by both downhole and wellhead instruments and estimated the Vp, Vs, Qp, and Qs values on the path between them using the spectral ratio method. The study developed Q and V models for depths of several hundred meters, which compensates for the lack of resolution in local seismic tomography and provides indicators for ground-motion studies.
DATA
The CWB developed 30 borehole stations prior to February 2014 (Fig. 1) . Every borehole station includes three seismometers: one acceleration seismometer at the wellhead (HLX.01); one acceleration seismometer at a depth of a few hundred meters (HLX.02), the suggested bedrock site; and one broadband seismometer (HHX.02) at a distance of 0 -5 m below the HLX.02 (Fig. 2) . The broadband seismometers have a 24-bit KS-2000BH sensor with a dynamic frequency response range of 0.0083 -50 Hz. The acceleration seismometers have a PA-23 sensor with a range of dc to 100 Hz. The data sampling rate is 100 points per second. Each station is equipped with GPS for accurately clocking the time.
From the quality data obtained between October 2011 and February 2014, we collected seismograms with an incidence angle of less than 35° to ensure that the seismic waves propagated through both the downhole and wellhead seismometers. Figure 3 shows an example of the P-and S-wave travel times from the downhole to the wellhead instruments and the incidence angle of the path to the wellhead station CHY. The ray path of every event to the CHY station was evaluated using the 1-D Vp and Vs models (Huang et al. 2014 ) around the site. The consistency of travel times with incidence angles of less than 35° suggests little influence of incidence angles on the travel times.
A high signal-to-noise (SN) ratio was required for the data. In total 198 events with magnitudes between 1.1 and 6.6 were selected (Fig. 1) . The ENAH and PNG stations were excluded from the analysis because their data did not fulfill the criteria.
Orientation correction and instrument response removal were performed before the waveform analysis. P-and S-wave arrivals were manually picked to confirm the data quality. The short distance between HLX.02 and HHX.02 as 0 -5 m (typically 1 m) rendered the travel-time difference of signals lower than the seismogram sampling period; hence, the phase arrival consistency between the two records was considered (Fig. 3) .
In addition to adopting the travel-time difference for evaluating the V model, signal spectra were analyzed for estimating Q. The attenuation operator t* (t p * for P-wave and t s * for S-wave) was estimated using acceleration spectra after converting waveforms using the Fast Fourier transform with time windows of 0.65 and 0.35 sec for the P and S arrival signals, respectively. Noise spectra were acquired using the same time windows before the arrival of signals to confirm the data quality and the availability of a frequency band for t* estimation.
Considering noise perturbation and site amplification, the available frequency bands of the analyzed data were categorized into four groups, namely 10 -20, 10 -25, 10 -30, and 10 -40 for the P-wave spectra, and 2 -15, 2 -20, 2 -25, and 2 -30 Hz for the S-wave spectra. The Qp and Qs values between the wellhead and downhole instruments at depths of hundreds of meters were obtained using the spectral ratio method. 
METHODS

Spectral Ratio Method
The near surface Q which is frequency independent or dependent is a controversial issue (Aster and Shearer 1991; Jin et al. 1994; Leary and Abercrombie 1994; Abercrombie 1998) . Adams and Abercrombie (1998) estimated the attenuation around the Cajon Pass, southern California, and found that Q from surface data exhibits strong frequency dependence below 10 Hz, but only weak frequency dependence at higher frequency. This observation was also validated by Singh et al. (2012) in the Kumaun Himalaya. Abercrombie (1997) suggested that if the frequency independent Q is the case, then the spectral ratios between two different recording depths will have a linear slope on a log-linear plot. This kind of analysis has been successfully used by numerous researchers such as Hauksson et al. (1987) , Aster and Shearer (1991) , Abercrombie (2000) , and Wang et al. (2012) . These studies show that the shear-wave exponential attenuation models show the linear nature of a log spectral ratio generally appearing in the frequency band of 2 -30 or 40 Hz, and suggest weak frequency dependence of Q in this frequency band. The spectral ratio analysis of our data shown later demonstrates a linear signal ratio trend in 2 -40 Hz as well (Fig. 4) . Thus, the frequency independent Q can also be adopted here.
Derived from the formula of velocity spectrum (Wang et al. 2010; Wang and Ma 2015) , the observed acceleration spectrum referring to the attenuation operator t* can be defined as follows: respectively, and 0 X is the long-period plateau value. The t* describing the seismic-energy decay along with ray propagation is related to the Q of the medium and can be expressed as follows:
In this study Q 1 and Q 2 denote the Q values between HLX.01 and HLX.02 and between HLX.01 and HHX.02, respectively (Fig. 2) . Qc is the Q value from a seismic event to the downhole instrument. Because of the close distance and indistinct travel-time difference between HLX.02 and HHX.02, Q 1 and Q 2 were assumed to be equal. The Q 1 estimation was identical to that of Q 2 . We used Q 1 as an example in the following analysis.
In the borehole observation system, t* observed at the wellhead instrument (t HLX.01 *) was calculated as follows: From Eq. (1), the logarithm of a spectral ratio between the wellhead and downhole signals for a specific event can be written as follows:
The spectral ratio eliminates the source effect uncertainty and also provides the explicit path Q parameter under a consistent instrument response. The attenuation operator between the wellhead and downhole instruments (t HLX.01 * -t HLX.02 *) was obtained from the slope of the regression analysis. Q 1 was thus evaluated according to the travel time from HLX.02 to HLX.01 using Eq. (3).
t* Estimation
The t* values between the wellhead and downhole instruments were estimated within the available frequency bands in the regression analysis. Figure 4 shows an example of the spectral analysis for an S-wave at the CHY station. The solid and dashed lines represent the S-wave and noise spectra, respectively. A high SN ratio was exhibited at frequencies less than 30 Hz (Fig. 4a) . At frequencies higher than 30 Hz the noise interfered with the signal. This suggests that the available recorded frequency for the regression analysis was 2 -30 Hz. In addition to the noise disturbance, the wellhead signal distortion from amplification restricted the frequency bands available for the regression analysis. The wellhead recorded S-wave was amplified at 20 -25 Hz and exhibited a peak in the corresponding spectral ratio (Fig. 4b) . The frequency band for analyzing the regression to the record was thus constrained to 2 -20 Hz for the t* analysis. Regardless of the frequency bands used for the regression analysis, the estimated t* values were consistent, ranging from 0.0217 -0.0268. 
RESULTS
Vp and Vs Models
The Vp and Vs were assessed using the distance between the wellhead and downhole seismometers and their respective travel-time differences.
Most Vp values estimated in this study had an error of ±100 m s -1 . Those estimated at sites NNSH, WHY, and NDT had a higher error (450 -660 m s -1 ) because of the less available data and difficulty in distinguishing signals. The Vp at the sites in the Coastal Plain, the Longitudinal Valley, the Yilan Plain, and the northern part of the Western Foothills was approximately 1000 -2000 m s -1 , which was lower than the values of > 2500 m s -1 at sites in the Central Mountain Range (Fig. 5a) . The NWL and NNSH sites exhibited the highest Vp, with 3752 and 4992 m s -1 , respectively. The error in Vs estimation was ±9 -371 m s -1 . The largest errors, 301 and 371 m s -1 , were observed at the WHY and OWD sites, respectively. The Vs at the sites in the Western Foothills was approximately 700 -1100 m s -1 (Fig. 5b ). In the Longitudinal Valley, the Vs was 600 -900 m s -1 at the sites HWA, EGFH, and TTN. The sites in the Central Mountain Range (NWL, OWD, and NNSH) had the highest Vs, ranging from 1968 -2056 m s -1 . Overall, the sites in the Coastal Plain, the Longitudinal Valley, and the Yilan Plain had lower Vp and Vs than the sites in the Central Mountain Range did. The Vp/Vs ratios at the sites in these plain areas were higher than those in the mountain area (Fig. 5c ). In the Coastal Plain, the Vp/Vs ratio was approximately 3.0 -4.0. The highest Vp/Vs ratio, 4.4, was observed at sites in the Yilan Plain. In the Central Mountain Range the Vp/Vs ratio was less than 2.5.
t* values and Qp and Qs Models
The available frequency bands for estimating t* were categorized into four groups. Figure 6 summarizes the different frequency bands adopted for the regression analysis along with the magnitude of events and corresponding Vp and Vs estimated at the stations. Most P-wave spectra were available at 10 -40 Hz (Fig. 6a) . The data available at low-frequency bands, 10 -25 and 10 -20 Hz, were distributed with magnitude between 1 and 6. However, the Vp of these data was typically less than 2000 m s -1 , indicating that the records were influenced by the sites rather than the seismic sources. For the t s * analysis (Fig. 6b) , the data available for high-frequency bands, such as 25 and 30 Hz, was concentrated on events with magnitude less than 2.5, regardless of the Vs value. This suggests that local sites have little influence on S-wave signals from small earthquakes.
Qp and Qs were obtained at 26 stations; however, they were not obtained at the NTS and SSP stations, at which most waveforms were contaminated by noise. The averaged Qp error estimated in this study was approximately ±6. The highest Qp was 40 ± 11 and 38 ± 14 at CHY and WDLH in the Coastal Plain, respectively, and 39 ± 4 at NTS in the northern Taiwan. In the Western Foothills the Qp was approximately 7 -30. The NTC and ILA sites in the Yilan Plain had a Qp of approximately 26. The HWA, EGFH, TTN, and ECL sites in the Longitudinal Valley had Qp values of 9 -20. In the Central Mountain Range, the Qp at most sites was 6 -16, except at NDT, where the Qp was 24. Unlike the velocity distribution, the Qp at sites in the Central Mountain Range was relatively lower than that in the Longitudinal Valley and the Western Foothills (Fig. 7a) .
The Qs estimation error in this study was approximately ±5. The Qs at sites in the Central Mountain Range and the Longitudinal Valley was significantly lower than that at sites in the Coastal Plain and the Western Foothills (Fig. 7b) the Coastal Plain, the Qs at the WCHH, WDLH, CHY, and SNJ sites was approximately 24 -30, whereas that at sites in the Central Mountain Range and the Longitudinal Valley was approximately 6 -15, which was lower than the 15 -20 recorded at sites in the Western Foothills. The lowest Qs, approximately 6, observed at the NWL, NDT, and NNSH sites in the northern part of the Central Mountain Range. The range of Q estimated in this study was close to that obtained for soils at a depth of 0 -420 m in California, the Qp and Qs of which were approximately 11 -45 and 9 -26, respectively (Hauksson et al. 1987; Malin et al. 1988; Aster and Shearer 1991; Blakeslee and Malin 1991; Jongmans and Malin 1995) .
DISCUSSION
The V values at 28 stations (Table 1) were obtained through seismic wave analysis. Some of the stations had detailed velocity profiles, as observed from suspension PS logging measurements obtained soon after drilling at the sites. In addition to determining detailed physical properties of subsurface structure, the logging investigation examined the site condition required by borehole seismometers and yielded additional station deployment recommendations. We compared the V values estimated in this study with the values measured using PS logging by averaging the velocity profile (Fig. 8) -1 whereas that measured using PS logging was 1500 -1800 m s -1 . The Vp we estimated at the CHY, NTC, and NTS stations was close to that measured by Wen et al. (2013) . The largest difference in Vp between the seismic estimation and logging data was observed at NNSH, at which limited data was acquired in this study. The indistinct P-wave made a large discrepancy of P-arrivals among the records, and show a large deviation of Vp between the logging and seismic measurements; hence, this result requires further confirmation. Otherwise, the EGFH, NTS, NMLH, SNJ, and ILA stations which have less than three records acquired in this study have good data quality and distinct P-arrivals. The consistent P-arrivals among the data at each station confirmed our Vp estimation, which shows a small deviation between logging and seismic data. The Vp investigated using logging data at stations HWA, TTN, and WDLH are lower than or equal to 1500 m s -1 , which approximate to the propagation velocity of sea water (Han et al. 2012; Gong et al. 2014) . Hung et al. (2012) reported that the lower Vp measured using the suspension PS logging system may be due to the following reasons. First, the oversized aperture results in borehole wall sloughing, which dominates the Vp measurement and results in the lower Vp value. Second, in boreholes lined with a plastic tube for stabilizing unstable and easily eroded soils, soft backfilled soil or impractical backfilling outside the tube may result in lower velocity measurements. The traveling of seismic P-and S-wave is not restricted to the borehole wall. Thus, the measurement is not dominated by the local sloughing soils or soft/impractical backfilled soils, and the Vp estimated in this study may be more representative of the subsurface sediments.
The Vs estimated in this study was very close to that estimated using logging measurements, except that at NNSH. The Vs estimated in this study was 400 -1000 m s -1 , and the Vs estimated using PS logging was approximately 300 -1400 m s -1 . The estimations at CHY, ILA, LAY, NCUH, NMLH, NTC, NTS, TTN, WCHH, and WDLH were consistent with those based on logging measurements. The deviations at HWA and WJS were approximately 300 and 400 m s -1 , respectively. An overview of the Vp, Vs, and Vp/Vs ratio distribution at the analyzed sites (Fig. 5) revealed that the Coastal Plain and the Western Foothills had lower Vp, lower Vs, and a higher Vp/Vs ratio than the Central Mountain Range did. The Coastal Plain and the Western Foothills had mainly unconsolidated soils and higher pore-fluid sediments, which resulted in low Vp and Vs and a high Vp/Vs ratio. The Central Mountain Range is comprised of metamorphic rocks; hence, it had high Vp and Vs and a low Vp/Vs ratio.
Regarding the Qp distribution (Fig. 7a) , sites in the southwestern plain (SNJ, SSP, and WLCH) and the Coastal Plain (NMLH, WDJ, and WCHH) had low Qp values. The low Vp and Vs and high Vp/Vs ratio (approximately 3 -4.2) (Fig. 5c ) indicated that fragmental soils and high water saturation resulted in high P-wave attenuation (low Qp) in this area. Notably, all Qp values in the Central Mountain Range, except for those at NDT, were as high as 24, and most of the Qp values in the Central Mountain Range (NWL, NNSH, and OWD) in the range of 6 -14 were close to the Qp values in the Coastal Plain and the Western Foothills (Fig. 7b) . The Vp/Vs ratio in the Central Mountain Range was 1.66 -2.52, which was significantly lower than that in the Coastal Plain and the Western Foothills (Fig. 5c) . The low Vp/Vs ratio indicates that the unconsolidated soils and high porefluid content may not be a reason for the low Qp values in the Central Mountain Range. Qs, which is more sensitive to thermal temperature than Qp, also presented low values in the Central Mountain Range (Fig. 7b) . The Qs in the Central Mountain Range was approximately 6 -15, which was lower than the Qs of 24 -30 in the Coastal Plain and 15 -20 in the Western Foothills. Analyzing the Vp/Vs and Qs/Qp ratios relationship with geothermal gradients (K km -1 ) investigated at depths of 10 to 100 -450 m (Wu et al. 2013) (Fig. 9 ) indicated that the low Qs in the Central Mountain Range corresponded closely with the low Vp/Vs and Qs/Qp ratios and is compatible with the high thermal gradient region. Three stations, NWL, NNSH, and OWD, which had the lowest Qs, had the highest thermal gradient. Thus, the low Q at sites in the Central Mountain Range is considered to be related to the high geothermal gradient beneath the surface.
The relationship between attenuation and velocity is practical for seismic engineering. Clouser and Langston (1991) (Figs. 10a and b) , nevertheless, our values are mainly between the estimations of the upper and lower limit curves defined by Clouser and Langston (1991) (Fig. 10c) . (a) (b) Fig. 9 . Distribution of (a) Vp/Vs and (b) Qp/Qs ratios versus the thermal gradient (K km -1 ) map by field investigation. A Vp/Vs ratio of 2.7 is considered the average value of the unconsolidated sediments referring to Langston (2003) , and a Qs/Qp ratio of 1.0 is considered the boundary between dry and fully saturated rocks, according to an experimental study (Winkler and Nur 1982) 
CONCLUSION
